Theory of Colored Flame Production 


U.S. Naval Ammunition Depot 


Crane, Indiana 


ROTN No. 71 


20 March 1964 


Prepared by 
BE. Douda 
Research Chemical Engineer 


Research and Development Department 


The information contained inthis docuneat epost the opinions ofthe autor and hence shoul nt 
be contd to eyeset theofficial pole a any ce indo organi, 


‘Table of Contents 


Aa 
1 Purpose 
2 nredition 
3, Colored Flame Prouction 
4. Meshiniam 
1. Speceum ys. Biter 
Emirs 9s Temperature and Cole 
Temperate 
&Enaray Definitions and Relaonshis. 
lento 
2 lonization Baer 
1 Halogen intucnces ad Color Production 
1. Baru Suontima 
2. Alla Metals 
3. Benoa 
4 Thala 
5 Copper 
(6 Mell Halide Molecule Exton 


7. HaogenSeleton 
1. Cheniunineeence 
4: Emission Suppression nd Inesitcaton, 
1. Flame Eguiliia 

4, Posse and Suary 

Append 

Append 


lett 


‘The deois and ures associated with he production of colored flames are presented Parde- 
arate Is gent flames containing seriam red), barum (gree), sdium ellow) and op 
ber (green or ble). Thermal excitation of vporzed neural atoms, molecules and ows corlaed 
‘id the ension of atom, bond and tne spectra. These spca are ablated. The color con 
Hon of Cpe chomuminescence, a nan tbermalexauon, described bly 


The varia ofemizers, enisions and colar wth he operating flame temperature és discussed 
1m relation to he dhernodmnanic properties othe reactant and the products of combustion. These 
thermal properties ae tabulote,lnsain fs shown asa contort color degeneration, The we 
fa lonation afer to reduce nization s explained 

Depending on flame canton and the met! being used, the influence of halogens onthe pradue- 
on of colori dscussed. The influence snot lays Benfica. The flame equiv shit eased by 
the halogens is described foreach ofthe met. Metals and anions ether than the halides ore di 
‘used in elation co he ait nes o suppress emission. Te peered enite foreach of 
the metals ae listed, and delistic postales are presented which apply tthe reduction of clr in 
aflame 


ote aded in root by aut 


[AL the ime hat these noes were writen, sme 38 yeas apo, as auite ave with respect w the 
ouabustion phenomencogy and ba comequence | wrote ah ovesnpied explanation fr what ae 
‘ety complicated events In aden, I had mi bse itedaced o such branche f lasing 8 qt 
lum machani, spectroscopy, combustion sence, and late els ull mc eri) cao. 
That vo of knoe ens fo explain bythe presenation ofthese nots aproched qualitative 
ly asap unrefined runner Fly, a young sini without a mnie, espe cons 
‘ule presumptuous to lave ened hse notes the "Theory of Care Flame Producto whens 
{Ge ot much “ou” nla. Nevertheless, tos ofthe recorded aeration ola, ean 
to thisday. The reales comidersteness specs 


Theory of Colored Flame Production 


41. Purpose 


‘The purpose ofthis preston to enumerate and discus the heres an tba sec 
sted wih tbe production of clad fas, 


2, Introduction 


‘Ele! states“. old ae production is tt with uel probes, These probs 
te eauted by the lack of choice ln the avalable clor-cresing rae, theabarpion of 
iat by the arp, the linus f dacs ty the hua eye andthe ee and 
ge ofthe process and substances avlved." To averie the “ack of hace” pee, 
{ditional clar-cretngrmatrle can be made avsabe by inonanie, organic ard tal 
‘npn heal ayes Tod o eat ne ttl, le eecessry wo extblish 
tery which the material may be udged 


1. IP the chomisty and lysis ofthe processes involved in culo fame production were 
Lown in deta woul ot be dct wo exis he cat. Becase, however, ch 
mation is ot staal, tis fen necesay o judge mates by empl melds. EL 
le" sumsnarzed most of the problem when he sated, “With icnasel and filler 
[nowlalge ofthe hel of formation, bing pois a Uasoiaton temperate of resin 
‘oduct and with eter sight ino the Crating chacoerties of gcous anes sad of 
{ola pais, we shoul evenly beable wo bul oman ame rational anes Even 
to, cimpromits are unavenable. Manimars hel cup per unit voume,highet ably, 
nu lowes volt of end prodcts west vat Tor ite Hight, highest voli for 
Solar igh), ad desiableReavir of erg reacts mh othe atime is one foe 
‘mul One should no iter theo mena tat thre i compete vad of knowlege of the 
‘hemial and pial poceates related to clood igh production. Ceti act nd theares 
fre avalable which canbe usd fst o describe the proces by which a cole ame i eo 
diced and soconly Yo erate sad judge the valor of new compounds ilendd fe we st 
felored ght Fomalations. Iti or hs prpose that the teas rete to colored ame eo 
‘ston were collected. formulated and acted in his rescaon 


3. Colored Flame Production 


1. Only afew ofthe tore than 100 elements are used wo nipt 2 corto pyeotecnic 
Mame These are srt (ed) aru (rcs) capper (acon o lu) and sas (Sl 
Towel ts that iu (ed. Boom (zs), tals (green. bia (ed) 
sh cesium hus) ar also strong colorpeoducers ul ht her se ot paca Beeause 
‘feos tot othe suture of he compounds. All ofthese laments have certain pepe: 
ties and characteris i common which contribute oeleed ight erase, 


2 Colored ames are produced by exciton af tac pet. At he high tpt of 
the fame, the sl of metals Yaprzed, a pst ol ofthe saseous molecules re p= 
‘essivelydasocised wo give neal ses tat are potently exating speci. Sore of 
fhe fee tl aor unite with ter nal ce sos ree ia the Mame The vapors of 
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the neutral metal atoms ofthe molecules containing the metal tom, ar the excited by 
the ternal energy of the ume. lnization and exciton athe neural sos ray occ 
tesome daree From the excited lees the atom, or molecule or on, everson aks 
Place othe ground tate pally by space with ether species, ply spontncoaly by 
‘sion of ight. The preceding sequent of eves cers rp succession. Fig 
‘ay hlp to vnulzehe etre squence if sonia code swe he example 

1. Spectrum ys miter 


1. Different wavelengths of atic are emit whenever diferent evens occur Nowell 
‘alain (ih espet to colred Maes) rls while te metal tale compound is 
$old or gui. As soon a6 vaporized, ol radon may esl the compound 
femace at an undisociated vaorandelcule, produces a band spctnis, When the 
Tempura i cached whic cases the compound to dissociate to Yapoized eal a 
‘ms illeentspectum rss Neual alos produce an alomic specu compl of 
Somer) lies When the emperature i ered futher wo the oil hal the eect 
‘Nompletely removed rr he masenee of the saceus the stam soe Tonzed a 
‘rs prduce an bon pect composed fon (qk) Hoe 


Now that specific eet hs been described being associated wih pic peta, 
the sequence of events sown ia Figure 1 willbe revi. The wold Se mello SIC, 
lees vaporize. The Cl, molecule dssocis wo iCL The guise undisciied 
SCT mplecle emit band spectrum. The suseus nual slams of Seman amie 
spectrum. The pscnsneutal Sr ama are ebtioed res he vaprizaion of the neta 
SP metal or the dsoeston of the gaseous SeCI molecule. At this poi one of Wo iss 
im happen tothe neual Se atom, Iccan be hated ai oz a which me ema 
foo spectrum, orf cn combine with an ana suchas the bydsoxide, OF, adel 
form mlocola SOF, This ew eolecule wl emi bad speci ad wil behave ke 
the SCI molecules As lng a st emai 3 an uscd gaseous mace, Wil 
‘rata band spectrum. When the lempertre ad sucha the SOM docs nl 
the neural SP str a the OH radical the Se” wil ce again emit an som pet, 
shoul be cbvius by now tthe entire sytem is trperatre depends. 


2 Uptothi poi, spectra were dicted in emt of ition renling fre hema exe 
tan. When station raul fen n-th excalon tix described sone of Use 


‘ypes of chomiluminscence. Foe purposes of colored pyotecinie Names, the C.ype 
‘heiluinecence"™ is ot nporant It eas fn the formation ofan excted 
‘molecule diel inthe exc sae a outs beatiag lito eo rlaton Wo he rout 
Ste concentrations, Thi a moleu, as opposed at atom, phenomenon. Colerfal 
and spsems for mealle-OH molecules, paculely foe baum, sont and copper, 
fe probably dus to molecules at tave no snlpeaden exsence ouside the Mase, A 
‘tube reresenaive ofthe C-ype chenianinescenc it 


Ca + OH + X + COOH + X 


‘whore X is a hid fay such 28 0, Hs Nz apd CuOH isthe diel fommed excited 
‘molecule. Gaydon diaciaesehewlaninescence in raion to ae ration Po 
cose at ob 


4, Therein grup of molecular emits tt donot provide dese colar o pyrotechnic 
ames. Some af hese emitters ae OF, CO, Os CH, Cs and H:O. Thy makeup the back: 
‘round radiation ofthe Mame and wl be pest a lng a east binders oe metal 
‘Sram compounds ate usd io coer Hares All of ths acl ad malcolm 3 
and specs, 


Ano sperm that exss in coloafame pyrotechnics ede wo continous ration 
S's called colinuousspectum or coniauum. No mal x ee Gom a coninuaus 
Spec especialy when present lage amouats The coninuus specu i orally 
‘ery wide undies band, 


6. For details epcerning the theory f spea,the reader i tere to books by Gaye! 
ad Pauling 


7. Not only do diferent meas emit diferet spec, bu ako any given metal may rite 
several spectra smullancoul To complicate the ster even ore all he line abd 
{ands responsible forthe clos in colored Mle Names have not bac assembled i em 
poste fon. Therefore, oil is voi ad to make iafation readily available for. 
‘rence ler dncston, dita were aseabledcoocerning th importa ins, bade ae 
‘Sonia for sean, arm, copper, sodium, iho bor, hla, abi, co 
‘Sim and potaun,Thee das se Appente 

Halters ys Temperature and Color 


1. "Thus fr ithas Boe established ta aicous meas or metalic compounds wil emit va. 
tous spec han excited ae. Te ellerentfypes of pect ware strode ih 
later the degree or ype of xchat involved. Te elements that pt a tong rd, 
‘sen, yellow or tue cleo flame were Hse, twas ls ress th the fame ape 
‘rom iat resus fom the ml exciton i temperature dependent Ifthe composition of 
the ame is Ksown othe exet ta the enters are dent, the toe sperm cone 
Spondias to these emir: wil be composed predominanly of energy radting in wave 
Tenis which the eye associates wis parca color Thus the sparen cole of 4p 
‘ote Mame canbe explied by elas the wavelengths of eneey that exespond 
‘hat color wth esters that at ie that wavelongth. As meatoned previ. he ex 
‘ence, or absene fom, aflame of given cer specie ote othe Mae em 
peat. Therefore, aa lf to deste the color paduction mechan ts 0 ly 
socessary 1 nly the emiting species blast acca to speci He ame te 


4 Temperatare 


1. For purposes of this discussion, colored pyrotechnic Names wil be desea suming 2 
Mame temperature of 2000 K: Most ole pyrotesini ames wll probably exceed that 


temperate. In compurion to athe ames, he 2000 K reference tempertice i el 42 
the tmp oan laminating ssa Mame The asin thortea empertre af 
$s cxygenydeogen Namal about OSD K atd at ofan osygenacetlone Mame Ss 
stout 825 K- Deal gives 2480 Kas the operating temperature of an oxygen hydrogen 
ame and 290 K for an oxygenaceyene Hane. Thescemsaly low releence emp 
ture wa selected primarily ar sow that many sole substances are decomposed 
low this emperture and therefor, canst be cnsilee rier a above this 
‘empuatue.The reader lead 10 Gaydon Kr nfrmaton concer the esse 
est of fle tener 


There ae several eoperaur-nery eiticip that wl be used fr estimating ce 
‘ccurences For example, in an oxyzen-aceslee Dane (280 Kerio sited 
Te whose excitation potas than ~S Sev or 127 Keal mole. One elects vat 
per molecul" equivalent to 2.053 ilocos per gram mol. At 2000 Kit ct 
ted that molecules witha dissociation energy of 78 kalmole (3.26 ewmolcas) ot 
Is wll ot be presen! i an appreciable abut and hat molecules with a dsocaion 
ougy of 98 heal mole (413 eWmolecul) apd lager eat be fred ad wil be sabe 
Nominal, he 2000 K Mme i equated 1 37 evioleule o 30 kel mol For dame 
ecules, the disciton energy" is elated to the Beat of formations to bond 


‘is emphasied thatthe precding atonshipa were presented for exiting pupoter 
ands ot be used quantiatvly The reason fr Hs abvious lek of acura reals 
fom the lack of comple undertnding of pyotesiae fame mechan The high 
tempore christy snvlved ss ot lvays editable sing oom Lempert they 
Brower and Serey" were quoted ss having died high temperate chemist 28 the 
homty of sams a suitaly high temperatures so tha the oxsaton sts, cox 
Ponds ad general chemical behavior dle appecahly om thse a foo temperature 
This dftion emphases the probably ta nw and possibly wnorbadoe tors mis 
eo formulated 1 expla igh tpeatare phenmens. 


‘& Energy Definitions and Relationships 


1. Vatios enray terms have aleady Bach wd in this presentation To make cen their 
sage derstood they ae deine” as 


2) Excitation Pte 


1) The energy aecosary to bing a stm, mlocl, stom mews, ee, om he 
ound steno an exci state. Example of we Ia Append the strep 
frum aon lie 346073 is owe with an excaon potential of 27 electen 
ols Thus, 27 ewimolesule is necessary to excite hs strontium lin. Frm the 
Preceding dsusion of trpertre, 3 2000 K flame was apposite a 3.7 
Fimoeeule or HS Keli A 2000 K le, thtefore ae slit nergy 
‘excl the 244073 atomic spctum satu line bu will texte He 43 6 
omic spectrum stot ine 2482. Wi now edge of the Mame temperate 
tnd selon oeneny, the exclaton potential i a essing sed Jk 
fie whether rats parc Spec ine wil be eit 


1) enzation Poa = onan Ener: 


1) The enray po unit chars, for a prticule Lind of atom, nacessary 1 remove an 
econ fom the atom to site datance Example fuse In Append hf. 
ic specu stot line 240777 twa with an exciton potential of 87 ex 
The enztion potenti or srt shown 8 $49 ev Ths, 5.69 ev i ces 
sary to remove the ft clacton frm the ifuece ofthe rnin clas and 


‘onl 301 cy is necessary w ext the 2.10777 ionic lin for seo 
The previous diction of tempers cetpued the oxygeractylene Mare to 
55 ey, Thus, the oxygen-acslone Mame’ canot be expected to excite the 
2.4077 online to ny aprecibledepee. Some ioezatian of sont wal, 
fowever occur The fist sonuation patents” for he 10 elements being 


[coooer 


©) Dios Ene 


1 The energy necessary forthe complete separation fn each oe of thet a 
co foming a diatonic lac, o for the eval of stm orp of 
‘rm fons plyatoenic molecule, Moe exaly, the dissociation energy te 
Terence teteen the ene ofthe molecule and is dissociation procs i ie 
respective ground sas I therfore the ata dsocation process ads os 
‘rm (radical) io excited states the isctaton energy the energy need for 
‘how separation mins the exciton ener. Example of we Dissociation ex 
‘Bes for various dtenic and polyatomic molecules te lated sx Append 
These vals in conjunction wih Ie ost of formation a ree ener of foe 
‘mation ate we hypothesize the existence of moles a Mle odin by 
‘dd, or expe ta ow dsocation energy and bet of oan sa sigh 
Iyaeptve ls enery of frmation. Convey, hese theodymmic carter 
hice are umereally lange foe dion fuori, ‘Tha, high tempered 
ls Muoride would be expect to be stable wheres sou hydride woul be x 
posted decorese 


4) Entalpy = Het Content, 
1) Themodyramic potential defines 
‘where isthe itera energy of the sytem nd Pi pressure-volume 
©) Heat of Formation 


1 The inrease of het content of the spstem when one mole of substance is 
formed fom its ments Example of ua: Heats of Fomaton for various co 
pounds ae sedi Append I In 4 manera otha dese Tor doc 
‘Son energy, hat of formations ed a meas oestinte he extence of 2 
‘ompoupd in aflame a igh temperate This casi somewhat urea be 
‘ase ofentopy changes 


1 Entony, 


t 


1) The energy per degice of abot temper tat cannot be recovered at 
work Ep, ltd foe energy and etal by 


2) Foe Enugy of Formation, AP 


1) The fie ener! change accompanying the frmation ofthe compound a uni 
Sets tom de elements ao stunt acvy. Fee energy of formation died 
bythe eatin 


Aenizati 


Example of use: The sign of the fee ener" change of proces i ery sini: 
ean A inion sgn densest the reachon tone fo proceed speancoly. A 
ive sign unicast the reactions noaspoatcous and hon AP =O, the 
‘atm ia ulin. A patie fhe energy change for a proce des ct 
esr coan thatthe poco wil ke pie. It tel aidan at 
the proces can our, provided the coins ar igh Tithe si ofthe fe 
‘hoy change tha decries whee the potenti to reac exists and is he 
‘upto ofthe rs ener) change at ells ha age that potently Thus, 
the ie ney of formation of «erp may be wo to ypolbesize the exis 
‘ence the compound i ane Fret enesis of formation a 2000 Kate ges 
Toemany compound in Appi 


Ten coments have bee mentioned previously a8 bens asacated with he podasin of 
2 color Mame I intresting To note at five of these are ia Group Tf the Pedic 
Table They sf lihium, scum, plassum, bin and cesium Two of the tn le: 
ments, bart sp sont, ae in Group Il ofthe Periodic Table In aon, tee = 
{hako have tonzation pote of soc mits tat one ame can bee 
pected. Table I gives the percent sonzation™ ofthe aforementioned sche elements 
Fos to varios pertng Mame temperatures 


Table 1. Percent lonizaton Relative to Various Opera 


SOS0E 5 50 tog! 121 
log 650+ log 

a: Tal 

‘whore the ionization peal in eleton Wols, The absolute temperature ad he g 

{ems are the satsical weight ofthe onze stam the election st the neta lo, 

sed 1 determine te change i the degree of soizaton wih temperature. For alka 

{Group ij tal the ial es 2, fr the laine eat (Group) etal the ea 


og 


412200 K, except fo uid ad es, Table 1 shows very ile fnization. Thus, a 
te 200K referenoe temper choses for hit presentation, eve et onzaon eu be 
expected, Am crease of relatively ow depress a 2480 K shows 2 giant sora 
ionization. Therefore, unless the Mae seporaing near or blow 2200 Ky sigicant 
‘oun of nization sus be atcpate 


or purposes of colored flame production, the are several ane characterises aso 
ed withvontaoa hat make Soicatontaderable. This, of conse why pyrene 
Teemulators have lays attempted wo crate “cool” burning composters The pecan!" 
tthe on completely differen ftom the spectrum ofthe net torn and esrb the 
Spectum ented by the clement of preceding atomic number However, base of he 
‘Moa postive charge onthe ces, the zero energy level higher thn forthe el 

‘ment of peed atomic number, al comequnly the emsion lines ae dpsed Lo 

‘ward the uleviletTheelore, hon sppecabetonization osc a educed quality of 
the desired wavelnat of ery heated and a ul the Name color detest 

This occurs it because thet citi a8 omc Sper which, fr poche pa 

poses, is undeniable and soconly because of al sontatin, a educed aumber of mee 
Stans ae el oes the denied sami pet oro fr lacs tht would emit, 
the died buses, 


4 Wonizaton occur in a Mate dependent on brim ico, the deterioration color 
Secomes more ntceable thas i would na comparable sodium ce sonia dependent 
fae because 


3) Many ersnsions within the desiable atric and tnd petra are in te yellow 
teen wavelengh instead € doc roe to loegreen and therefore do ret even ude 
Mest conditions, provide large cons wath yellow and 


© 


1b) The intensity ofthe hata specu is tan tat of strata or sodium and 
therefore any eduction emision du 1 ionization wil be mre cea and 


©) Due to reduced luminand efficenty and ineened atapbercateouaton inthis 
sravlength the visy is luce even furor. By comparing the aillereaces be 

"vee the oa and some specu for baru or totus bo in Ape 1, 

the veadr can realy wsualize the calor (wavelength) hil. No one spasm as 

‘ven in Append Io sadam orth ther Grup alkali metals. These soni pec, 
inicated ear, would be expected to resemble the toi pao he et a 
ula if toward he ulravilet. tn any event, tons disse, desirable color 

‘ould ot be expected from onze lal tae tach aerial by teeta 

S. lonzation i Mages tas besa stgdiod very extemnivly. The sender i ered to Gay 
ont Sugden!" and ether! for adic information concerning such ioe 


Ionization Batter 


1. Occurrence of cnzntion of metal vars, espeialy the ala ntl, strontium and ba 
thas alendyboen deserted. lonation of bats has aleady been deteribel. oni 
ton of bari i a barurbasd flare has been describe st ing pully det 
‘nentl  emssion of the dese een color One meas for ecg hon 5 1 
‘ce the temperate. This elaionsip was previously described. From a paca stan 
roto rebice the operalig temperate tthe poi ta ization of arm wad be 
eligible may result nan unservieable pyrotechnic for seasons ofr than color tis 
There, desirable be abl o spss art nization by means ter ha espera 
ture edscton. This canbe atconpised™ bythe aon of an eal nized mt 1 
the ane. lx Miliary Pyrat, potassium, usually othe orm of the perce 
sed to butler he nization. The sien ofthe perchlorate sl of pols sted, ar 
‘ramp the nate also pve nol only he blr fect xygen supply bu 
Sa fulgen spy Halogen tnoences will oe dacsed separately. 


Coming with the ionization baler discussion, the ionization of haium can be de 
sibel a 


outs, wbich seven mor ely once tha ara, ca be etre in sar 


1 conditions which approach eqiiam ate asm then by Le Chatlie’s Law OF 
Mass Acton, the ezctrons wail produced by the potassium soization wll ring sess 
to fear th barium exuiaun theeby displacing the basin reaction ova he ne 

tal tor nso dong, lst baru seized leaving more art er es tric spec 

trum or fo compound a wil em its band specu 


2 The effet of yous o colar shoul bene, The nized pols wil emis spc 
trum hat secs the smi specu fr argn whose stones lines ar ia the Sep 
‘el sod nar infared. As som frm the thermodymie properties itl ia Appendix 
‘xcept forthe hslgen sls, pons will xs the nota to in aes ver 2000, 
Kan, three, wll emit the aac pupshed and blush purple sami aes 
Ise Append 1 Flame mision spec for he potasum-alogen sls could not be 
Tecate. Th oni and tome potassium Spec wil mt cause aprecible erence 


‘sro ame. Senta nore ineference would be expected ina baianrgreen 
Tame Forusatly however the benefits ofthe onic bulls acon oatwgh the dade 
vantage of the of lor in od str petal estos 


| Halogen afsenees and Color Production 


1. Long ag, pyrotechnics std to ad alogens in some frm pyrotechnic compos 
‘ios fdr osteo eahace the coor. Chine nthe fom a a perchlorate sl 
Tron ued for his purpose. fs adi, n-nidng chlorate adiives suk 8 
texaclorcenzene and polyvinyl chloride are alo wid. Although the effet Keown, the 
mechan snot completely understood 


3) Baran: Seaton 


1 le! credited Harts eterno the ed ae a du we moecalar an in 
‘the rod region, causa by molecu sono ote and chloe and dd wits 
‘thor ines ad tad or eandscet patil, Hat alo refered othe grees 
fame x beng de to gh lve bc ren copper and bari rit the 
-4000-S000 and SO0D"SS00 A repion. Mae seen infrmaton leads slightly 
(herent expiration 


2) Colored fame pyroeebc compositions conan ozanie hinders an cleat 
‘rganie molcules The combustion (oidaton) ofthese organic molaeles po- 
Vides the ame gies with a source of some and ececlar hydoge, ee 
SM agatvely carpe byes ries, a anions chore and le 
‘aera. The low. 57 Kealole, discitionexeny of enolecar elaine st 
‘Shows Append Il leas to the absence of malacur chlorine om the Mane 
Using bara a the exapl metal several combistons ean be expected 


Cl+H+0H @ Hol oH 
OH +Ba <2 Bak 
clBa <> Bac 


The combiation of cleric and hydrogen o frm hydrochloric aids sponte 
usa 2000 K since the ee ener of fommatin 25.8 Kel le. Once formed 
the HCI can he expected 1 be table at rmperatre i anal eacss of 200, 
KCsace the association ents) about 103 heal mole The high Melfood of 
HC ration pts the stably afer formation causes an excess of he OH ra 

cal. Ths exces, a tum, repress the atomic meal chloe, BaCl formation 
‘Sh increases the stam meal eos, BAO formation. Another consider 
Shon with rxpec to the suppression of the BuCl formation is the lov, 
‘Steal mole, dhsocation entgy ofthe dome chloride. Enhancement ther 
fee, results by hing the equibiam ward the formation of BsOH ta 5 
sho i Append Il ens inthe green wavelength Pyrtehsicins por 
BsOH formation a a formation becuse the HaO band spectrum encompass 
‘any undesirable wavelengt. BuO would probably fort resumes 
‘he BAH formation were not peonated by the egutriam shi caused by the 
chlorite adn. Asa consequence f BaOH formation i preset he ex 
eth of Ba, ths sll, wil sls a mae denial oenkanced ole 


4. Halogen enhancement of strontium is atalogous o that describe fo art Ia bot i 
stances, becuse ie pyotchnic composition are us saturated wal the metal and 
Felgen very subttal amon ofthe mal aide wl be pest inthe ac in l= 
tion othe hydroxide. The halide oration with brian and rots not cjoetionabe 
became thse moles fratly also emt energy as defined by Their leur bed 
spect inthe dened waveleng, 


» 


1) The halogen fect with respect the sal metal is iret ros a jst de 
scribed for barium and stm. Generally, because the desirable emission fom 
Teall mal is the tom spectrum ofthe nea toms the aio of aa 
‘gen wil nore in ensoment The dered rion Ofte lee spectra 
rl be etsy educa beau of salt formstin. 


‘Al he lai metals wil ot behave ietilly because of the sabi df 
‘hoe in their yi, Suge” points ut hata 3245 K, LOH very sable 
Whereas NOH i so unable ss tobe electvelyabuent oon the Mame. Among 
The alla metals the ably in deren onder 

LOH > C4OH1> RHOH> KOH> NsOHL 

tn. mer sini to hat used for baru nd ron, and sing vidi 
the example nel, sve combination ean be expected 


Gls H+ 0H = HoI+ OH 
1+ Ro e2 RBCI 
HOI+ Rb 2 ROCI+H 
H+ Ro 2 ROOH 


9 


» 


The quia ofthe last equation wil shit comsiderably fo dteret sal 
rts because of the previously mertianedstabity differences. The varios 
hs equiliiam wil alec the quant of Haloges salt fred. Soi wl Tem 
NaCl wh le or 89 NAOH foatin. wheres lhe el rm LOH ad 3 
SSgiian moat of LICL. I any even beter be hydroxide a bald To 
tthe the formation any ltl seal ornpound wil sauce te amount ofa 
Tal ctl neal toms availble to radii thei atomic spectrum, Beau al 
ie stimulate lal metal compound formation, the halogens must be lased a 
Sepatveeahancenent gens a fas cong lal tl conta 
fo ate postive enhancement agents in laos contains talline cath t= 
Bs becaise, under se conditions the hydride and halide band spec ae 
refered over the eae spect, 


1) When born isa to a ams te gren olor tat ress isd pedal 
180. Some BO i probably alo frm which emis mot nde at le 
ise. From tendynamic dts Ueda Append Ht concladed tht the 
oon odes tent aly Yry likely to fom (AF) Bu aso very stable (Hig 
‘Gtsoiton ener). Except lei, the born hides aso are atid ith 
high fe energy ffrmaten and diociton ney Whe bli band spect 
re premanly areca i ature, the ain of halide would be bene 
‘On the contary however, BF bas an undesable yellow sys snd BBe and BCL 
‘eral pimanly sp ner ultavoe I hereto, a halopen ote ha iodine were 
induced, stable halide woul oem. Ths, tr, would rede te amount of 
the oxide preea that was aditing in he hesefical ces Wavelengths. The net, 
rerult would bea si toward blue wih negative cance wih respect 

Thallium 


1 The great blk of the tall" ina ame i presen a the fc element. The 
yoo ane caer, thelr, due othe awl tom sami spectrum. Ox 


and bydroide formation do ot occur inthe Maret ny ppecible eyes. The 
fore clecrnegtive halogens wil for reasonably table halide i the fae 
These ean be expeted wo emit band spectra. Thallium fuede,elorid and bro 
‘hide erat nthe deep bie to wear ulraviolet wavelength, Tse emissions ae of 
‘no pial value foe green Mame peeducion. This, when a Halogen ino 
‘dice seme sable bide forme, Ths fo turn roe the amount ofthe ol 
tors tat reading in the dined preen lines. The et esl 3 hi toward 
‘ie with ete enkancereat with epee to ren. 

©) Copper 

1 The great balk f the compe) in wae present tthe fe alam with nat 

smote thas 10% a8 CuO. Append shows a undeniable hand spectrum fr CUO 
inthe ore region and weak bands ste ree pan. The fee copper alos 
ata weak geen line at SISA. The composite of these emisios woul a 
{te a ak polluted gros color. Cantar oth opp, when tac 
{or flame, els sng yo ren calor. Thain ated wo C¥OH 0 
Teal emission. Note ha CHOH formations recognized chen the absence of 
alge nimi amounts thi seals of bau, and ita, 


2) During th dsctsion ofthe eter metals, they stables fraton was de 
‘cco as result of falopenadiion. Append I shows generally ow esc 
tion energie for copper compounds, Tas account for he Mame competion bs- 
ing predominantly oe copper When halogens ate added to a copper fame, the 
lor changes om gcc tobe. By th postlts lid dow foe bam ad 
Strontium, the addition of Halogen to a eopper Mame would be expected rm 
the aide ai easing exces OH tha, tr, would combine with the mca to 
fertance te colo emission by adsting the ban spectra. Because ofthe low 
‘istocinion energy, te Halide sal would ct be expect to frn i lrge 
Stunt, Tis explain aed on thermal cones and fons topes 
‘theory dos ot appear oho ee for copper This obvious becase Bue cloe 
‘reals iad oft enhanced geen, 


3) What sesso be serious ain the argument Sc, supp fo the theo 
4y of chemiunisescence and is fealy explained without deviation fom the 
sc argument When halogen i added 1 4 Dame costing copper, sal 
sount ofthe copper hale salt wil form Asma amount (as conta to 
Ings) i formed becuse ofthe low dsocation energy. Thus the equlietam fi 
ors disocaton, The sal aout of halide st formed emia Me baad pe 
‘tum This emia dana hat ofthe CHOH esion tt leads to the Son 
‘lion tht CuOH prob pest an extemely soll qui. Asi he 
‘ie of baru and stontiam, dhe halogen combines wile hydrogen to form the 
Taide acd, thrby cing an OF exces which inn contbuts to oration 
Gf mere CuOH. Alo, asthe eae of baru i sont, laugh more met 
rode ed the ntl alee fered it even restr arcu, cate 
the srootun and surreal halides ent ia desable wavelengths, the nett 
stirs mite increase of enison in desirable wavelong. ln the eave of 
‘tp, however, the increase in COM outweighed by the icetse in copper 
Tlie oman ths esl aa shim CuO gran con wo ble cop 
pe aide emision 

4) The peceingdieon was bed other conser, Gaydon!" ind 
sig carbon tonouide Mame, suggested scale eet at Soul be om 
‘Seed adn to thermal posible He ate, “Another penitent psiy 
inthe sess of CO flames fe CuCl These Band ane stongst nthe blue a 


uote and are degraded the ead The season why these ans cur 50 
realy vo CO but nt other ames i something of a mytery i posible at 
‘GOCl ace eatty inthe caiion sod resies enc energy fe the 
1) Moa Halide Molecule Excitation 


1) Dew! states hatte hide acl wil end lessen he atc of the le 
ton to he mics and tha ender eae the exclaton process Tis etre of 
importance parley in Names contig basta or sonia. Is thse aes 
‘mo pat af thecal is ut molecular excaton and a sitet potion of 
the emiting moles ae the halide wal The fet thatthe exci poses i 
td ese y The halide east el inceeae in erison This iene so 
‘indeed tobe ald eshancement. 


2) Halogen Selection 


1) The colar pyrotecnie Mame spent on the lie tr in the ame. 
Ths material maybe the soual tom, a atomic o polyatomic molecule oars 
Calor thes dependent the ait to keep the meal volaized wii he 
fame. The ably to Keep material wolalid win the fame i, atm ter 
things, related tts bling pat and ea of fson. I loge o conchae hat, 
fora ame with piven amount of eney he amount of th ati nthe Mame 
isa dereaing function of boiling poss. Thus alow boing poi for 3 
Tage qn of vole mater inthe Mame 


2) It as aeady bee established tat halogens ae ed wo pyrotechnic colored 
are composition to heel om the enancement fla. When the mit 
ides use ya emit, is desiabl lo has volaiidSince the ore ele 
ronezative Hagens fr salts wih higher big pou the leeoncaatvity of 
the Halogen wil evel othe quant of Hale salt which Mame can keep 
‘elaiaed The halogen electronegative 

Fect>weot 


The complet lecrongaivity scale ofthe elements has oon buted by Pa 
lng Withotconsidenng other facto, dine woul be the best hoist 
de alow bing material. See Append I Tra lsting of mclingand boling 
ris, Sore ladies ae, Bowever, unstable athe flare temperate. Are 
‘Sccroesuve halogen mu hrc, be selected. Another spor cms 
‘rato th band spectrum iat he mal halide wil oma. These band spa 
tie descbed in Appendix | Alliough or example, ama iodide i stable, 
Spec may ct be beneficial he deed coor ta thi inane,» compe 
tis Wil protubly result A more elacrncpaive halogen wih higher bling 
‘rn wil peobably be slated tn ede to obun a pefened spect The see 
Hon of the halogen hretee nao an ably tr. Cocdeaon st be 
ven tosh ators stably spain and bling pout of is 


3) Composite Name seta for capper, aria and tata are ineladed in Apes 
‘Gi Thess bypathctical seca woud nly ext fal ofthe balgscs were ye 
Seat in the Mame smullancously. Such + coaiion would have ae patil ad 
‘antag, They were nluded, however, to luste wavelength aie at cus be 
‘expected by loge variate, 


1). Chenituminescence 


1) Chemiluminescence was discussed billy inthe Speci 9. Emir Section 


This phenomenon wi ls metoned in the dexigtion of copper ebor produc 
tion The characters of CType chomilumiescence at Of pac st 


portance i the ably of small une of malecles to emit an abnor large 
‘tount of liao, The effects semarabl.BaO has a dssecaton energy of 
124 kealimole and Ba Hi sna fo have a dasocation ery Go Ba ad 
(OH) of es tha 60 kealnole.Suade!™ based o hat dats estimated the ate of 
0B B08 ina ypc Mme to be oughly 100 I therefor, eae 
‘be that such a sal quiy of BsOH wll exit such a nese green color, C> 
Type cheraluminescnce i three, suggested 

2) 10s emphasized that CTypechomsluminescence ress fam the formation fa 

excited molecule diely i he exited state amounts bering Lite or mo rl 
tion othe ground-tate concentains, The molecular emsons ae pbb dc 
to molecules tat ave no sndepenion existence ote the Name The some 
‘non sola thera type exetstion and, heer, nist be cnsieed 3 rai 
tio source ia adion to thermal raion, The strong ste vd, baa 
‘ron and copper ren color in a ame have been atid pray 0 Cy 
‘homiluminecence of SOH, BiOH and CAOH, 

4) Enision Supression and lntensication 


1) Pyrtectnician empsicalyIared to avid the se of vaio compounds in 
‘lord fle compositions. When wed, serious degeneration of te cor on 
‘ess. Emin suppression af line earth radios is usd by elements 
‘i salina, boron tromiam, hosp alco, io, beryl nd ile 
Tue. The sippresion appears lo be based on the Formation of mac cons 
‘ound wi te allie cart als which re ether dficl wo vapors oe i 
Teal to doce, Many of the supresars possess the ality to tr anions 
Sicha the slats, brates, penpats, chromates snd slates This pe 
‘omenon may be ne ofthe sons pyrotchnicians have bee unable calor he 
Mame fom standard dy abt pe phosphors compositions 


2) The ed bring eikoad “uses” i shown by Ele” to contain 10 sale Su 
{aris described slong wih ler rails as having desinble popes fra the 
‘seein of big slow at eo! baring Thee ferences successful eons 
‘mera wei colored lame ompostion ad os desable pepe erp 
‘Se hat a element ois compound may be sed to vantage when the supe 
‘oa propre are outveighod by desirable themadjramic, chemical aad physi 
‘al properties, When ultinateperdomance i require, te use of ey ofthe lated 
‘Sppetor shuld be considered vary ef 

3) Although the oxalate anion is zporte seriously epee som sion, 
‘iu eal egy usd sodium donor in yellow fae formulations 
From a practeal standpoint, the suppression can Tegunly be tleated becase 
ofthe extremely high nest of the sodium ati ines. The oxalate on dot 
‘ol appear seu supresstunion o harm emission, 

44) Phosphates and sles strongly iii the ensions of mot metal although 
sulla fas toe epee! aster of bros emus. The acetate ion 
is generally covsiderel wo be an intensifier. Tae suggests tat for yellow fen, 
Sou cctate ay eb ha sodium oxalate For hal mate, see Beels 
‘ay beam using totum or aru sett stead a he oats. 


1) Flame guia 


» 


4, Postulates a 


Toughout the discussions, molecule formations, dsociations, ‘onzaton and 
Simla events wore described by iit wheter or atthe eveat would take 
place, Sice mow ofthe eatin so the Mane se reversible, an equa for 
‘ich event must be comsidred. For example, because of scomplte combustion 
Stl urbulece, tere deparae fom equ wii the Nace, 


‘A quasi-quiibam is probably established between the reactants and rton 
Frode, Un ado, thee are lemperatre gradients wi the Nave which ted 
1 tet xb equilr would be ao avenge to dese each aca 
rence ina fame with an euler constant Under given and constant Name 
‘indo, it would then be posible for example to calelate the qual ofa 
react of section prot sn he ame Because, however, of departure fom 
‘gull, enperaure gradient, ubulence, incomplete hnowledge of exiting 
fettoes nthe fae and ter cases f vrs, aoe tenets fq 

My wore ol wie desenbe event within tbe Mas 

‘When it wat sted that an event would or wouldnt ost, the reader ast 

‘nie that hese julgmente ave stacks wih yeapect oun. nado, 
fey eves were decribed using elative quan designs re sane 

(ye asesnen ay me based o tenmodynami ropes of the materials 
involved. For example sas sated atthe lov, 57 Kea male dasoriion ener 
2 of molecular corns lad os absence um the flame. This start was 
mde fecause ofthe elaively large separation between the S7 kali dso 
‘ion energy and the energy of 2000 Kae that was aaa equated to 8S 
alias Ihe dissociation energy af Chad heen even Tower at even saler 
sous of Cl woul oan. Conversely the more he dssocation eure i age 
Thame aia ame ery, the oe il is thal he Mame wl ot dso 
ate the materi thereby allowing epee of the mater to be presen she ame 
itis insoch a selave aera eah even’ occurence was describe. 


nd Summary 


4. An idly frlaed pyroeenie colored Mame compasiion & ase which, when bumed, 
produces combustion products all f which aly crt adatom i the wavelength ofthe de 
Sra colar The proired emis of varios elements at 
Preferred ters of Varios Elements 

[ev ant COR gaan 


lenin gota, rubidium and eesia are wef ionization buf. To pepe effet 
formulations, yriccaics must be compounded to frm the neural atoms oe maces 
[Se amount To do ths the apgoch wl ary withthe clement used to produce the colo 
(Cris postlates ply which daregard all practical mater cosiderations, such esi 
‘iy, sali, hygroscopic, combustion propa, cos ad oc Sch posts at 3p 
only the production of colon lame re: 


1. orm the compotion 40 tat a taxis amotet ofthe prefered enter it po 
ced in the ame a a vapor 


‘Adj the fame operating temperature i ration 1 the production of the maxim, 
oun of exe enite. This esque the terperatr be kept lo to dace i 
‘i ad that at be hep high enough Wo produce vaporization std exeiaton of prefered 
Species and dsociation of unwanted molecules 


5. Use ionization bullet ai in ionization suppression. This of particular advantage 
‘when te colori theres ofthe lal elle earth tal 


4. Fr lements whose color depends onthe neutral to, avoid the sition of materials 
‘whose element can cone wih he neue alons a frm raecles, Fr the eine, 
‘leet matrals whose elesent wil combine oc the refed sleules, 


Formulate to nef rn ceruminetcence td eincement effets, 


6 Salet materials orice emission suppression hat ress om many aio nd numer 


1 no itauce material thats not essen tthe paucton of cole. This wil duce 
‘une emisions ad hacky Yauation 


1 With consideration only to color prodetion, i is concluded that smallancous compliance 
wit al he portite it oasbe: Therein lone makes cmprorse matory: When 
Tennidentions elated pestaliy ae iodaced, adie concesions elt Ito hee 
oe, fetat forthe author hat the purpose ofthis preseataton 6 deere onl the theory 
of colored ae production Thus sno ecesay Uo st are formulae a il produce 
Coleed aes unde all conceivable condor ad ia fallen ofl eaprerents Abeer 
Understanding ofthe chemical and physical process involved in coord Mame peoduction 
Wil however enable the preparation of cmposition in more fatonl mane. twas for 
Ths purpose the tone ane atibts anole wih cloed a reduction were di 
ted acd emer 
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1. Chromatcty Data Diagram 2» 


2 Syma 


4. = wavelength ia Angstoms (A) 
1 seltve intensity 

fy = elect volt 

A= Angseom 

sey = mliniron =A 
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4 Discusion of Contents 


‘.Theatomic and ini pec were select om he MIT Wavelength Tables The elemental 
‘eration ptetls were calculate fom the carps listed i Table 2-S ia Pauling" The 
‘leton vl, ety Tied wit the sore and fone specta isthe exciton potato 
seray coq to exe ta parle These energy evel were selected fom the MIT 
Table. The band spectra were colleted from Pearse” Dea" Gaydon and Gilbert" Data 
cncersingettimnrs wer selected for Gaydon nd Dea, 


The testis, ar eye esti asad onsale of 10 forthe strongest ie or bad ia the 
system: Bocas te vals were colle fom several sources the vals fe very uarelble 
nd soul not be sed for any quantitative purposes. Fr tht mater, they ae even unelble 
far quale purposes. 

Composite dame spect were prepa for baum, stom and copper Flames wil po 
by sve corespond to thee eosponiie ice ll kalgens wl usdacnedy eve be resent 
‘a one pyrotechnic composition The afomation was, ower cold ino i composite 
vm stat by vce oe age the ead can sale te lean of Various molec. 
is espoctt the wavelengths carta they ei an in eatin Yo one ane. Those 
omponte spe donot lade comisuun of band emisions Hom moleular and fc ah 
tal prods of obusten foe organ eompoueds 


4. Allemisios fra spec lento lel at at ited in his cols. Only the re 
intna and persistent lines and ands bave buen metooed For example, 175 Uns are Utd 
fers othe MIT Wavelength Tables whereas only st re Hse been, For extensive 
Hsings a emision dt, the MIT Watelena Tables an sinilar dosent as be cans 
ed 


ACh Data dug that lates wavelength a color was inchuded to aid he eader 
‘naz the ora ation lo various radiation wavelength, 


Lithium, 


Homie Spestuh 


7 lene Specrum 
ears (ene Lossta) 


Sodium 
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Barium 
1. Elemental Barium 

Abs Sera oie Secon 

a a 

5258 wa | —as540 70 

55101 eats] “08 

1246 + [meet oz 

ors [253 a6 


‘Bnd groups at 4800, 120 snd $500 A. The S500 group sows two min bande at 445-5452 
nd S4N2-S488 Bad heads Have bes observe fam 47301 SS an um 007 Lo O18 
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Strontium 
1. Elemental Sonia, 
Tonle Sesser Tan Speci 
2. Ser Band Spectr 
TEST] FO] (asa weak volt ysom) 
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TT [Seen P Seas Spas 
1) ee SY iF i 
70140) sa_| [esto ser OH 
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6015 sa | | esse7 scl SE 
8675, son | | e206. Se SF 
666.7 ‘ser | [e287 = 
602. sa_| | e2a03 scl 
655 | se) [errs Se = 
een27 sr | [era ‘SrOH & 
65199] sro] [sits OH Se 
es13.7| src | | sioas S:0H Se 
e500 [=] son] [Bi008 SrOH 

Boron 
1. Elemental Boron 
Carentan Terenien Ponta 6a 
Tiomse Speckur Tone Speci 
7 [ 7 wT 
war ag || asta | 2 0 
zea [a9 [4 
Yellow System 


Copper 
Bienen Coneer =e = 
i Spun = 


ional bands exist tae lao. 
5. Orange Region: Cu0 Ban Sperm 
GGreen Region: Large number of wesk bends, incuding a lite group of heads be- 


twoon 5237 and 5228 A, and heads at S344, 5313, 6308, $279 and 8274 A Emer 


6. CuOH Band Spectrum 
‘Stn dfs band in ren st $350 to S550 anda weaker bn the orange-red at 15049 


(280.4 Wide hands ave ao ben repre at SOS and S24 my. 


8 Cult Band Sytem at 4280 A 


[1] Spans = spans = pens 
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2. Syma 


1 = tigi tte 
= erjstline state 
K = kelvin 
= decomposes 

AM ~ bet of mation 
AP. = fhe energy of formation 
D = disecaion exeny 
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